OBJect The authors report different MRI patterns in patients with essential tremor (ET) or obsessive-compulsive disorder (OCD) after transcranial MR-guided focused ultrasound (MRgFUS) and discuss possible causes of occasional MRgFUS failure. MetHODS Between March 2012 and August 2013, MRgFUS was used to perform unilateral thalamotomy in 11 ET patients and bilateral anterior limb capsulotomy in 6 OCD patients; in all patients symptoms were refractory to drug therapy. Sequential MR images were obtained in patients across a 6-month follow-up period. reSultS For OCD patients, lesion size slowly increased and peaked 1 week after treatment, after which lesion size gradually decreased. For ET patients, lesions were visible immediately after treatment and markedly reduced in size as time passed. In 3 ET patients and 1 OCD patient, there was no or little temperature rise (i.e., < 52°C) during MRgFUS. Successful and failed patient groups showed differences in their ratio of cortical-to-bone marrow thickness (i.e., skull density). cOncluSiOnS The authors found different MRI pattern evolution after MRgFUS for white matter and gray matter. Their results suggest that skull characteristics, such as low skull density, should be evaluated prior to MRgFUS to successfully achieve thermal rise.
T ranscranial MR-guided focused ultrasound (MRgFUS) is a technology that has evolved over the last decade as an incisionless alternative to surgery. 13, 16, 18, 19 Recent advances in transducer design, acoustic focusing technology, and MR thermometry enable the treatment of functional brain disorders by creating thermal lesions without opening the skull. 13, 16, 18, 19 This thermal lesioning technique has renewed neurosurgeons' enthusiasm for making lesions deep within the brain in a less invasive manner while avoiding potential side effects of ionizing radiation. Neuropathic pain, essential tremor (ET), Parkinson's disease, and obsessive-compulsive disorder (OCD) are considered ideal conditions for MRgFUS because the necessary volume of lesioning is relatively small, thus requiring less energy to achieve therapeutic efficacy. 13, 16, 18, 19 We are currently engaged in investigations of the potential therapeutic efficacy and safety of MRgFUS for functional brain disorders such as ET and OCD. Recently, we reported clinical efficacy of MRgFUS thalamotomy Different magnetic resonance imaging patterns after transcranial magnetic resonance-guided focused ultrasound of the ventral intermediate nucleus of the thalamus and anterior limb of the internal capsule in patients with essential tremor or obsessive-compulsive disorder for 11 ET patients with radiological outcomes. 1 Also, we had the opportunity to undertake MRgFUS capsulotomy in OCD patients, which represented the first application to the human anterior limb of the internal capsule (ALIC). Here we report different MRI patterns after sonication of the ventral intermediate (Vim) nucleus of the thalamus and the ALIC in this study.
Methods

Patients
Between March 2012 and August 2013, 11 ET and 6 OCD patients underwent MRgFUS after providing informed consent. All patients were drug refractory and referred from movement neurologists or psychiatrists. We received full approval of clinical feasibility studies for patients with ET and OCD from the Institutional Review Board of the Human Research Protection Center of Severance Hospital (Seoul, Korea) and the Korean FDA. Moreover, this study was registered with the ClinicalTrials. gov database: the registration no. for ET is NCT01932463 and the registration no. for OCD is NCT01986296 (http:// clinicaltrials.gov). Procedures for the selection of patients and pre-and post-MRgFUS evaluation are outside of the scope of this paper.
anatomical targets
For ET patients, we targeted the unilateral Vim nucleus of the thalamus (14 mm from the midline or 11 mm from the lateral wall of the third ventricle, 6 mm anterior to the posterior commissure along the intercommissural line). For OCD patients, we targeted the bilateral ALIC (approximately 7-8 mm anterior to the anterior margin of the anterior commissure, extending 2-3 mm along the capsule from a coronal view). Once the initial target coordinates for ET and OCD were confirmed, we made rigid lesions at the second coordinates, which were less than 4 mm apart from the initial coordinates.
Magnetic resonance-guided Focused ultrasound Procedure
Magnetic resonance-guided focused ultrasound was performed in a 3-T MRI system (GE Medical System) using the ExAblate 4000 device (InSightec), which features a 30-cm-diameter hemispherical 1024-element phased-array transducer operating at 650 kHz held by a mechanical positioner. Each patient's scalp was completely shaved, and the head was immobilized in a CRW stereotactic frame (Radionics). In the MRI room, the stereotactic frame was fixed to the table, which was a part of the ExAblate 4000 device. Presonication MRI was performed, and images were fused with CT scans and other MR sequences to determine target coordinates. Several low-power sonications of 10-second duration were applied to induce peak temperatures of 40˚-42˚C, which are known to be below the permanent ablation threshold. This allowed us to visualize the exact position and size of the thermal spot and the overall safety profile of the applied sonication parameters. High-power sonications were then applied in an iterative process guided by MRI with Q-body coil and MR thermometry, with stepwise increases in acoustic power and energy to achieve a peak temperature in the target region between 51˚C and 56°C for more than 3 seconds. All patients were fully awake and responsive during the entire procedure.
Mri Sequences and Follow-up imaging
After sonication using a 27-channel head coil, T1-weighted imaging with and without contrast enhancement, T2-weighted imaging, diffusion-weighted imaging, and FLAIR were performed to detect the lesion. Based on the ET and OCD protocols, MRI was performed immediately, 1 week, 1 month, and 3 months after MRgFUS for ET, and immediately, 1 week, 1 month, and 6 months after MRgFUS for OCD. The serial volume of the lesion was measured using Leksell GammaPlan version 10.1 (Elekta AB) on T2-weighted images.
results
Mri Patterns after thalamotomy in Patients With et
Patterns of MRI changes were similar in the 8 successful ET patients, although there were 3 failed cases. Lesions in the Vim of the thalamus were visible in T2-weighted images taken during sonication (Fig. 1A ). Lesions were also visible immediately after sonication. At this time point, there was strong enhancement of the lesion, presumably due to blood-brain barrier opening. One day after sonication, this enhancement disappeared, but local edema near the sonication site started to become prominent. Seven days after sonication, lesions were further enhanced and more distinct on T1-weighted images. One month after sonication, however, lesions had decreased in size. Three months after sonication, lesions were very small-smaller than those after immediate sonication ( Fig. 2A) -and hypointense on T1-weighted images.
Mri Patterns after capsulotomy in Patients With OcD
Patterns of MRI changes were similar in the 5 successful OCD patients, although there was 1 failed case. Lesions in the ALIC were invisible on T2-weighted or diffusion-weighted images during sonication (Fig. 1B) . Capsulotomy was performed bilaterally, and lesions in the right hemisphere appeared on T2-weighted images during sonication of the left hemisphere. Lesions were hardly detected on diffusion-weighted images immediately after sonication, and mere enhancement of the lesion was presumably due to less of an opening of the blood-brain barrier compared to thalamotomy. Therefore, lesions from capsulotomy were not as prominent as those from thalamotomy soon after MRgFUS. However, 7 days after sonication, lesions became more distinct, and this enhancement was maintained for at least 1 month after sonication. Six months after sonication, lesions had decreased in size slightly and appeared small and hyperintense on T2-weighted images but were larger than that of immediate sonication (Fig. 2B) .
treatment Parameters and lesion Size
For MRgFUS thalamotomy, a mean of 18.3 times of sonication (range 14-27) was needed with mean maximal energy of 15347.9 ± 4157.7 J, which raised the temperature to a mean of 56°C (range 54°-60°C) on MR thermometry. The mean lesion volume was 72.9, 233.3, 100.8, and 20.1 mm 3 , respectively, at postsonication immediately, 1 week, 1 month, and 3 months after MRgFUS.
For MRgFUS capsulotomy, a mean of 14.6 times of sonication (range 8-22) was needed with mean maximal energy of 16969.2 ± 7418.5 J, which raised the temperature to mean 53.6°C (range 51°-60°C) on MR thermometry. The mean lesion volume was 38.0, 208.2, 129.4, and 51.5 mm 3 , respectively, at postsonication immediately, 1 week, 1 month, and 6 months after MRgFUS.
Three months after MRgFUS thalamotomy, followup MRI showed that the lesion volume had become very small, smaller than that of immediate postsonication volume. Six months after MRgFUS capsulotomy, the lesion also shrunk but was larger than that of immediate postsonication (Fig. 3) . Treatment parameters and serial lesion volumes for each patient are presented in Table 1 .
Description of Failed cases
The acoustic energy beams from each 1024 transducer element passed through the skull surface. We used the system software to obtain skull surface data and performed calculations based on the Hounsfield unit scale (Fig. 4) . Skull marrow thickness was divided by average thickness between the outer and inner cortical bone. This ratio ranged from 0.15 to 0.71. If this cortical-to-bone marrow thickness ratio was less than 0.4, there was a higher probability of temperature rise failure. If this ratio was less than 0.3, maximal temperature never rose above 45°C (Fig. 5) .
Discussion
Magnetic resonance-guided focused ultrasound is an innovative technique in functional neurosurgery because it allows precise, image-guided targeting and thermal lesioning of deep brain structures. 18 Temperature maps generated by the MRI scanner permit the verification of the location of thermal rise and thermal ablation. To assess the safety, feasibility, and efficacy of this technology in the brain, the precision of thermal lesioning is one of the most important factors enabling a successful outcome. Currently, neuropathic pain, ET, Parkinson's disease, and OCD are considered ideal conditions for MRgFUS because the necessary volume of lesioning is relatively small, thus requiring less energy to achieve therapeutic efficacy.
13,16,18,19
Different Mri Patterns after MrgFuS in et and OcD Patients
We found different MRI patterns after MRgFUS in patients with ET and OCD. For ET patients who received Vim thalamotomy, lesions were clearly visible in MR images during and immediately after sonication. In contrast, for OCD patients who received ALIC capsulotomy, lesions were less visible during and immediately after sonication. However, a lesion in the right hemisphere (i.e., the first site of sonication) could be seen during left hemisphere sonication. Approximately 1-2 hours after sonication, bilateral lesions were observed in diffusion-weighted images. These different MRI patterns after MRgFUS of the Vim and ALIC seem to originate from differences between brain structures and their associated white and gray matter. 25 It is well known that differences on MR sequences, such as diffusion-weighted MR images, can predict cytotoxic tissue changes at early posttreatment stages. 4 At rather low temperatures (i.e., < 51°C), the level of restriction on diffusion-weighted images differed between the Vim and ALIC immediately after sonication. Restriction was much more prominent in the Vim, resulting in easier detection of lesion sites. After sonication of the ALIC, however, only a small restriction could be found. The reason for these different patterns might be the different characteristics of target regions. When temperature was above 55°C, however, as in OCD Case 4 (Table 1) , the ALIC also showed prominent restrictions on diffusion-weighted images taken immediately after sonication. Because of the abundance of myelin sheaths and axonal cellular membranes in white matter, directional water diffusion is interrupted, resulting in anisotropic water diffusion. 26 In previous histological studies, white matter was found to be more readily affected by ultrasound, with gray matter requiring higher ultrasonic dosages to produce changes. 8 In our study, because ET patients experienced a greater rise in temperature than OCD patients, the exact energy delivery cannot be compared between groups. However, when lesion size was measured within 50°C thermal contours, the initial lesion size was larger for thalamotomy-treated patients than for capsulotomy-treated patients, with this pattern reversing as time passed.
Previous studies employing MRI after sonication show a temporal delay of imaging changes depending on tissue type and location. 2, 3, 6, 7, 20 Our results are in line with these previous findings. However, no previous studies have reported differences in MRI patterns depending on brain region in humans. Previous animal studies confirm the stability of thermal lesions with minimal associated ede- ma or damage to adjacent structures. 4, 20 However, these studies focused mainly on white matter lesions. Thus, there has been no study in humans comparing different effects of sonication in white and gray brain matter.
Another interesting finding in the present study is that prominent lesions were observed 7 days after MRgFUS capsulotomy in OCD patients even though they were not obvious immediately after treatment. This delayed emergence of lesions may originate from demyelination during the subacute and chronic phases of injury. That is, white matter lesions may initially appear more subtle than gray matter lesions. However, unlike direct damage to neurons in the gray matter, damage to the white matter may manifest more slowly and become prominent at later delays. Consistent with this possibility, a previous study in rats showed noticeably absent myelin and oligodendrocytes in injured brain areas 1 week after injury, with these changes persisting for up to 56 days. 24 Because MRgFUS is a closed-loop procedure, neurological function and also the site and size of lesions can be monitored during treatment using MRI. During thalamotomy for ET patients, we monitored hand tremors, sensory changes, and motor function. However, during ALIC capsulotomy for OCD patients, we could not monitor patients due to their disease characteristics and the effect of capsulotomy on surrounding structures. Therefore, the prediction of lesion size is important for target regions such as the ALIC. We found that lesion volume persisted at 6 months after MRgFUS capsulotomy, and the final volume was similar to that of immediate postsonication. As shown in Fig. 1B , the right-side capsulotomy lesion, which was made first, was merely visible during or at the end of right capsulotomy. Good clinical results were reported when the deep brain stimulation site was close to the ventral striatum/ventral capsule. 9, 22, 23 Therefore, given the posttreatment delay in the appearance of the lesion and given the persistent posttreatment lesion volume, MRI-documented characteristics can help guide the approach with MRgFUS for capsulotomy.
Factors Related to Insufficient Temperature Rise
The skull is a major barrier to thermal or mechanical tissue destruction surgery, thus previously necessitating a skull window. 8, 10, 15 With the introduction of MRgFUS, elevations in temperature can be achieved without a skull window. 12 However, heterogeneous aspects of the human skull such as volume, thickness, density, and shape are possible causes of defocusing, which could lead to insufficient temperature rise. 5, 21 The transmission of ultrasound through the skull is reduced by the intrinsic absorption of acoustic energy by the bone and the reflection of energy at the inner and outer tables or the trabecular level of the skull. Furthermore, the target location and related acoustic energy beams' characteristics (e.g., ray angle to the skull, distance from transducer to the skull) may also affect energy delivery. Some previous MRgFUS studies have used calvariae from cadavers to overcome differences in skull characteristics using CT-based skull-specific aberration corrections. 11, 14, 17 Although we have experience in performing MRgFUS using the ExAblate 4000, we still had some limitations related to patient characteristics. Among our 4 failed cases, we examined the simple but clinically important factor of skull density, which entails not only the skull medium but also skull thickness. We obtained these data not only from ET patients who had unilateral MRgFUS but also from OCD patients who had bilateral MRgFUS, showing that maximal temperature after final sonication differed between hemispheres within the same patient and indicating that skull density is not the only barrier. Apart from skull density, other suspected causes of variation, such as acoustic energy beams' angles to the skull or homogeneity of marrow or trabeculae form, should be investigated in the near future. Furthermore, 
